Glucagon-like peptide 1 (GLP-1) can promote islet β cell replication and function, and mesenchymal stem cells (MSCs) can inhibit T cell autoimmunity. The aim of this study was to test the dynamic distribution of infused human MSCs and the therapeutic effect of combined MSCs and liraglutide, a long-acting GLP-1 analog, on preserving β cell function in severe nonobese diabetic (NOD) mice. We found that infused MSCs accumulated in the pancreas at 4 wks post infusion, which was not affected by liraglutide treatment. Liraglutide significantly enhanced the function of MSCs to preserve islet β cells by reducing glucose levels 30 min post glucose challenge and increasing the content and secretion of insulin by islet β cells in severely diabetic mice. Infusion with MSCs significantly reduced insulitis scores but increased the frequency of splenic Tregs, accompanied by a reduction in plasma IFN-γ and TNF-α levels and an elevation of plasma IL-10 and transforming growth factor-β1 (TGF-β1) levels in NOD mice. Although liraglutide mitigated MSC-mediated changes in the frequency of Tregs and the level of plasma IL-10, it significantly increased the plasma TGF-β1 levels in severely diabetic mice. Therefore, our findings suggest that liraglutide could enhance the therapeutic efficacy of MSCs in the treatment of severe type 1 diabetes.
T cell autoimmunity and inflammation by secreting antiinflammatory transforming growth factor-β1 (TGF-β1), IL-10, PGE2 and other substances. In addition, MSCs can induce autoreactive T cell anergy and promote Treg response (9) (10) (11) . Because of their function and low immunogenicity, allogeneic MSC-based therapies have been tested for their ability to ameliorate autoimmune diseases, including type 1 diabetes (6, 7, 12) . However, the efficacy of MSC-based therapies in reversing hyperglycemia and maintaining long-term euglycemia is limited. Further improvement of its therapeutic efficacy by combining it with another reagent is urgently needed, particularly for severe diabetes.
Glucagon-like peptide 1 (GLP-1) is an incretin mainly produced by intestinal L cells (13) . GLP-1 is highly susceptible to degradation by dipeptidyl peptidase IV (DPP-IV) in the body, and its plasma half-life is less than 2 min. GLP-1 can stimulate insulin secretion by islet β cells and inhibit glucagon secretion by islet α cells to reduce blood glucose. A recent of Th1 autoimmunity with preservation and promotion of islet β cell function to reverse hyperglycemia and mitigate long-term hyperglycemia-related complications (4, 5) .
Mesenchymal stem cells (MSCs) are multipotent nonhematopoietic stromal cells derived from bone marrow, umbilical cord Wharton's jelly and blood, fat, skeletal muscle and other sites (6, 7) . MSCs have the capacity of self-renewal and multilineage differentiation to form mesodermal, ectodermal and endodermal tissues as well as insulin-producing cells (8) . Furthermore, MSCs can regulate iNTRODUCTiON Type 1 diabetes results from the destruction of islet β cells and is characterized by an imbalance of autoreactive Th1 and regulatory T cells (Tregs) (1, 2) . Although exogenous insulin administration can control hyperglycemia, this intervention is insufficient to prevent long-term complications, including vascular degeneration, neuropathy, retinopathy and nephropathy, leading to cardiovascular diseases, blindness and kidney failure (3 (14) . Furthermore, treatment with a DPP-IV inhibitor to elevate circulating levels of active GLP-1 can modulate T cell immunity and promote Treg response in nonobese diabetic (NOD) mice (15) (16) (17) (18) . Actually, treatment with a long-acting GLP-1 such as Ex-4 reverses hyperglycemia or delays the onset of diabetes by preserving β cell function or enhancing Treg response in diabetic or perdiabetic mice (19) (20) (21) (22) . Accordingly, a combination of MSC infusion and treatment with liraglutide, a long-acting GLP-1 analog, could enhance the therapeutic efficacy of MSCs in NOD mice. However, it is unclear whether GLP-1 can affect the distribution of infused MSCs and their immunomodulatory effect during the process of autoimmune diabetes. Furthermore, there is no information on whether treatment with MSCs or a combination of MSCs and GLP-1 can preserve islet β cell function and modulate proinflammatory and antiinflammatory responses in NOD mice with severe type 1 diabetes.
In this study, we analyzed the distribution of human bone marrow-derived MSCs in different organs and evaluated the effects of combined therapies with MSCs and liraglutide on glucose tolerance and β cell function longitudinally in NOD mice with severe diabetes. Furthermore, we characterized the frequency of CD4 + , CD8
+ and Tregs and plasma proinflammatory and antiinflammatory cytokine levels in severely diabetic NOD mice. The objective of these measurements was to determine the potential effect of combined liraglutide and MSCs on preserving β cell function and modulating autoimmune reponse, and the dynamic distribution of infused MSCs in severe type 1 diabetes.
MATERiALS AND METHODS

Mice
Female NOD/Ltj and C57BL/6 mice at 7-8 wks of age were purchased from the Animal Model Research Center of Nanjing University (Nanjing, China) and housed in a specific pathogen-free facility at a 12-h:12-h light/dark cycle with constant temperature and humidity. The experimental protocols were approved by the Institutional Animal Care and Use Committee of Nanjing University.
isolation, Expansion and Characterization of MSCs
Written informed consent was obtained from human participants. Human bone marrow-derived MSCs were prepared from healthy donors, as reported previously (23 
intraperitoneal Glucose Tolerance Test and Serum insulin Levels
The effect of treatment with MSCs or MSC + GLP-1 on glucose tolerance was determined by biweekly intraperitoneal glucose tolerance test (IPGTT) and serum insulin levels. Briefly, individual mice were fasted for 6 h and injected intraperitoneally with glucose (1 g/kg body weight). The level of blood glucose in individual mice was measured before glucose challenge and 30, 60 and 120 min post glucose challenge using the One Touch profile glucometer. The values of the area under the curve (AUC) for the blood glucose level over the experimental period and of ΔG30, the net increase in blood glucose level at 30 min post glucose challenge, were calculated.
Orbital venous blood samples were obtained from some mice (n = 6 per group) before they were euthanized. Fasting plasma insulin levels were determined using a Rat/Mouse Insulin ELISA (enzyme-linked immunosorbent assay) Kit (Millipore). Spleens and pancreatic tissues were collected for flow cytometry and histology, respectively. In addition, lungs, kidneys, livers and intestines were dissected for quantitative measurement of the content of Alu element in human DNA by real-time polymerase chain reaction (RT-PCR) to determine the distribution of infused MSCs in individual mice.
Statistical Analysis
Data are expressed as the mean ± standard error of the mean (SEM). The difference among groups was analyzed by analysis of variance and post hoc Fisher's least significant difference. The difference between the two groups was analyzed by Student t test using SPSS software version 15.0. A P value of < 0.05 was considered statistically significant.
RESULTS
GLP-1 Does Not Affect Migration and Accumulation of MSCs in the Pancreatic Tissues of Severely Diabetic Mice
To determine the effect of GLP-1 on the dynamic distribution of infused MSCs in diabetic mice, severely diabetic mice were infused with MSCs, randomized and injected intraperitoneally with vehicle or GLP-1 daily. At 2, 4 and 6 wks post treatment, pancreatic, lung, kidney, liver and intestine tissues were dissected from some mice of each group and the content of human Alu element DNA was determined by qRT-PCR ( Figure 1 ). Alu element DNA was detected in the pancreas, lung, kidney, liver and intestine tissues in both groups at 2 wks post treatment, and the content of Alu element DNA in those tissues peaked at 4 wks post treatment, except in the kidney, where the highest levels of Alu element DNA were detected 6 wks post treatment. Furthermore, the highest levels of Alu element DNA were detected in the intestine, followed by the pancreas, kidney, liver and lung. While the highest levels of Alu element DNA were detected in the livers of mice without GLP-1 treatment at 4 wks post treatment, the peak of Alu element DNA was detected in the livers of mice with GLP-1 treatment at 6 wks post treatment. More interestingly, there was no significant difference in the levels of Alu element DNA in any organ at any time point tested between these two groups of mice. Hence, the infused MSCs migrated and accumulated in the inflammatory pancreatic tissues in severely diabetic mice at 4 wks post treatment, and GLP-1 was determined by immunohistochemistry using anti-insulin antibodies. Briefly, the pancreatic tissue sections (5 μm) were deparaffinized, rehydrated and treated with 3% H 2 O 2 in methanol for 15 min to inactivate endogenous peroxidase activity. The sections were subjected to antigen retrieval and treated with 2% bovine serum albumin (Thermo Fisher Scientific) for 1 h. Subsequently, the sections were incubated with rabbit anti-insulin antibodies (1:600; Santa Cruz Biotech). After being washed, the bound antibodies were detected with horseradish peroxidase-conjugated goat anti-rabbit IgG (ZSGB-bio) and visualized with 0.2% 3,3′-diaminobenzidine (ZSGB-bio). The content of anti-insulin staining in the islets was evaluated using ImageJ software, and at least 20 islets selected randomly from each pancreatic tissue were analyzed.
Preparation of Tissue Samples for Measuring Alu Element in Human DNA by Quantitative RT-PCR
To determine the dynamic distribution of infused MSCs, the dissected pancreatic tissues, livers, kidneys, lungs and intestines were weighed, snap-frozen in liquid nitrogen and stored at -80°C until use. These frozen tissues were homogenized, and their DNA was extracted using the Blood/Cell/Tissue Genome DNA Extract Kit (Tiangen), according to the manufacturer's instructions. After quantification of DNA concentrations, the levels of Alu DNA in individual samples were determined in triplicate by quantitative RT-PCR assay in a StepOnePlus RT-PCR system (Applied Biosystems) using 100 ng sample DNA as the template, the Alu-specific primers, TaqMan probe (Takara). The sequences of primers were as follows: forward, 5′-CATGGTGAAACCCCGTCTCTA-3′; reverse, 5′-GCCTCAGCCTCCCGAGT A-3′; probe, 5′-FAM-ATTAGCCGGGC GTGGTGGCG-TAMRA-3′. The levels of human Alu DNA were calculated according to the standard curve established by mixing different amounts of human genomic DNA with mouse monocyte genomic DNA.
Plasma Cytokine Levels
The concentrations of plasma IFN-γ, IL-4, IL-10, TNF-α and TGF-β1 in individual mice were measured by immunology multiplex assay in a MAGPIX system using the MT17MAG47K-PX25 and TGFBMAG-64K-03 kits (Millipore), according to the manufacturer's instructions. Assays for each cytokine were performed in duplicate, and the detection limitations for IFN-γ, IL-4, IL-10, TNF-α and TGF-β1 were 7.8, 1.5, 1.8, 2.3 and 12.0 pg/mL, respectively.
Flow Cytometric Analysis
Splenic mononuclear cells were isolated and the frequency of CD4 
Histology and immunohistochemistry
The dissected pancreatic tissues were fixed and paraffin-embedded. Pancreatic tissue sections (3 μm) were stained with hematoxylin and eosin (ZSGB-bio), followed by imaging under a Zeiss Axioplan light microscope (Carl Zeiss AG). The contents of inflammatory infiltrates were scored in a blinded manner as 0 = no infiltration, 1 = infiltrates covering 1-10% of the islet area, 2 = 10-25% of the islet area, 3 = 25-50 % of the islet area, and 4 = >50% of the islet area. At least 20 islets from each mouse pancreatic tissue section were evaluated.
The impact of treatment with MSCs or MSC + GLP-1 on the content of islet β cells treatment did not affect the migration and accumulation of infused MSCs in these mice.
GLP-1 Treatment Enhances the Anti-diabetic Effect of MSCs in Severely Diabetic Mice
Next, the impact of GLP-1 treatment on the anti-diabetic effect of MSCs was determined in NOD mice. After acceleration of severe diabetes, the mice were randomized and treated with (or without) MSCs or MSC + GLP-1. An additional group of healthy C57BL/6 mice served as controls. First, longitudinal measurement indicated that diabetic mice that had not been treated with MSCs gradually lost body weight, while the mice that had been treated with MSCs alone or together with daily GLP-1 had only slightly reduced body weight (Figure 2A ). Body weights in the diabetic controls were significantly less than in the MSC and MSC + GLP-1 groups, particularly in the latter. Hence, treatment with MSCs alone or together with GLP-1 significantly mitigated the long-term hyperglycemia-related loss of body weight in NOD mice.
Second, measurements of FBG showed that while the healthy control mice remained euglycemic, all diabetic mice exhibited hyperglycemia, regardless of the treatment ( Figure 2B ). However, FBG levels in the diabetic control mice were significantly higher than in the MSC and MSC + GLP-1 groups. Apparently, treatment with GLP-1 did not alter the effect of MSCs on FBG levels in NOD mice with severe diabetes. Further IPGTT tests indicated that AUC values in the MSC and MSC + GLP-1 mice were significantly less than in the diabetic controls at 2 and 4 wks post treatment (P < 0.05 for both, Figure 2C) . Notably, ΔG30 values in the mice treated with MSC + GLP-1 were significantly less than in the mice treated with MSCs alone at 4 and 6 wks post treatment (all P < 0.05, Figure 2D ). These data indicate that MSC treatment significantly improved glucose tolerance and GLP-1 treatment enhanced the antihyperglycemic effect of MSCs by improving the acute glucose response rate in severely diabetic mice.
GLP-1 Enhances the Effects of MSCs on Preserving islet a Cell Function in Severely Diabetic Mice
GLP-1 can promote insulin secretion, and MSC treatment can also preserve the function of islet β cells. To determine the impact of GLP-1 treatment on the role of MSCs in preserving islet β cell function, the levels of plasma insulin and the content of islet insulin were analyzed by enzyme-linked immunosorbent assay and immunohistochemistry, respectively. As shown in Figure 3A , plasma insulin in the diabetic control mice gradually declined to extremely low levels at the end of the observation period, reflecting a progressive loss of islet β cells. In contrast, plasma insulin levels were elevated in the mice treated with MSCs 2 wks post treatment and slightly reduced at later time points. A similar pattern of plasma insulin was detected in the mice treated with both MSCs and GLP-1. Importantly, plasma insulin levels in the MSC-treated mice were significantly higher than in the diabetic controls, but significantly lower than in the mice treated with MSC + GLP-1 at all time points post treatment (P < 0.05). Similar 
DiSCUSSiON
In this study, we evaluated the therapeutic efficacy of a combination of MSCs and GLP-1 on glucose tolerance, preserving islet β cell function and modulating inflammation in NOD mice with severe type 1 diabetes. We found that treatment with MSCs and GLP-1 significantly improved glucose tolerance, preserved islet β cell function and increased plasma antiinflammatory TGF-β1 levels in severely diabetic mice compared to mice treated with MSCs alone. These novel data extend previous findings (15) (16) (17) (18) (19) (20) (21) and suggest that a combination of MSCs and GLP-1 could benefit patients with severe diabetes. Given that there is no effective therapy for severe type 1 diabetes, our findings might aid in the design of new therapeutic strategies for this condition.
It is well known that many patients with type 1 diabetes are not diagnosed until the severe stage, even with ketoacidosis, time ( Figure 4A ). However, the insulitis scores in the MSC and MSC + GLP-1 groups were significantly less than in the diabetic control group at any time point tested (P < 0.05 for all), and there was no significant difference in the scores between the MSC and MSC + GLP-1 groups. These data indicate that treatment with MSCs significantly reduced the content of inflammatory infiltrates in the pancreatic islets of severely diabetic mice. 
Treatment with MSCs or with MSC + GLP-1 Modulates inflammation in Severely Diabetic Mice
To understand the potential mechanisms underlying the therapeutic efficacy, the degree of insulitis in the different groups of mice was measured longitudinally. The insulitis scores gradually increased with particularly in developing countries such as China. Many patients with severe type 1 diabetes usually have few islet β cells and display severely impaired glucose tolerance. Hence, controlling hyperglycemia and improving glucose tolerance as well preserving islet β cell function are crucial for prevention of long-term hyperglycemia-related complications, which are major factors in the morbidity and mortality of diabetic patients. In this study, we found that treatment with either MSCs or MSCs and GLP-1 mitigated long-term hyperglycemia-related loss of body weight and reduced the levels of FBG and AUC in severely diabetic mice. More importantly, treatment with MSCs and GLP-1 significantly reduced ΔG30 levels and increased fasting plasma insulin levels and the content of pancreatic islet insulin in NOD mice with severe type 1 diabetes compared with mice treated with MSCs alone. These results demonstrate that treatment with GLP-1 significantly enhanced the efficacy of MSCs in preserving islet β cell function in severely diabetic mice. The increased islet β cell function could stem from MSC-mediated inhibition of β cell destruction and MSC-promoting progenitor cell differentiation into insulin-producing cells (24, 25) . Alternatively, the outcome might come from GLP-1-mediated islet β cell replication in NOD mice (14) . Hence, we suppose that treatment with both MSCs and GLP-1 can have a synergistic effect on preservation of islet β cells, or GLP-1 can bring an additional effect to MSC-based therapy for severe type 1 diabetes. Furthermore, it is also possible that GLP-1 and MSCs can collectively modulate the microenvironment of islet β cells, promoting the survival of islet β cells in diabetic mice. We are interested in further investigating the mechanisms underlying the action of MSCs or GLP-1 alone and in combination in preserving islet β cells in severe diabetic conditions.
A previous study showed that MSCs can inhibit pathogenic Th1 response and induce Treg response (10) . Treatment with GLP-1 also promotes Treg response in NOD mice (15) (16) (17) (18) . In this study, we and create benign insulitis (28, 29) , the significantly reduced frequency of Tregs could reflect the migration of antiinflammatory Tregs into the pancreatic islets of NOD mice.
It is well known that infused MSCs preferably migrate to inflammatory organs (30) , where they exert a direct effect on local inflammation or tissue regeneration (31) (32) (33) . We wondered whether the enhanced preservation of islet β cells in the MSC + GLP-1 mice was associated with increased numbers of MSCs migrating to injured pancreas in severely diabetic mice. We found that the infused MSCs migrated and accumulated in the pancreas, intestine, liver, lung and kidney and peaked in most organs at 28 d post infusion in NOD mice regardless of GLP-1 treatment. Furthermore, our data demonstrate that the infused MSCs migrated and accumulated into the pancreatic tissues, consistent with previous reports (30, 34) , and treatment with GLP-1 did not interfere with the migration and accumulation of infused MSCs in NOD mice. Hence, significantly enhanced preservation of islet β cells in the GLP-1 + MSC mice may stem from the role of GLP-1 in promoting islet β cell replication. Furthermore, we found that infused MSCs in the pancreatic tissues and other organs, except for the kidney, were dramatically reduced in NOD mice at 6 wks post infusion. These reduced numbers may reflect the destruction of infused MSCs by the host immune system. Given that decreased numbers of infused MSCs appeared to be associated with less effect on controlling hyperglycemia and modulating Th1 and Treg responses (9,10), we are interested in further investigating whether frequent infusion with MSCs can prolong the effect of MSCs and GLP-1 on reversing hyperglycemia and attenuating autoimmune responses in severely diabetic mice.
CONCLUSiON
We found that liraglutide did not affect the distribution and accumulation of infused MSCs, but significantly enhanced the function of MSCs to preserve islet that treatment with GLP-1 enhanced TGF-β1 response in NOD mice. Given that TGF-β1 is an important inhibitory cytokine that can attenuate pathogenic Th1 response in NOD mice (26, 27) , the higher TGF-β1 response may contribute to preservation of islet β cells in these mice. Indeed, enhanced efficacy in the improvement of islet β cell function was observed in mice treated with MSC + GLP-1 compared with mice treated with MSCs alone. High levels of TGF-β1 responses are usually associated with potent Treg responses in NOD mice (26) . However, we observed that treatment with both MSCs and GLP-1 significantly reduced the frequency of splenic Tregs compared with the mice treated with MSCs alone, which was in disagreement with previous reports (15) (16) (17) (18) However, the plasma TGF-β1 levels in the mice treated with both MSCs and GLP-1 were significantly higher than in the mice treated with MSCs alone at 14 and 28 d post treatment, indicating β cells in severely diabetic mice. Furthermore, liraglutide significantly increased plasma TGF-β1 levels in NOD mice, which might attenuate pathogenic Th1 response and contribute to preservation of islet β cells in NOD mice. Therefore, our findings suggest that liraglutide might enhance the therapeutic efficacy of MSCs in the treatment of severe type 1 diabetes. 
